Abstract-Aiming at the instability and uncertainty of mobile nodes and low-power wireless communications links in Ad hoc networks, a parallel disjointed multi-path routing algorithm called DMP_EOLSR is proposed in the paper. It is based on the OLSR routing algorithm, and considers the living time of nodes and links according to the energy consumption and moving mode of nodes. At the same time, to find different node-disjointed or link-disjointed paths, an iterative algorithm is used in the multi-path selecting processes based on modified Dijkstra' algorithm, and a method of route recovering is also given in the end. The simulation results show that the DMP_EOLSR algorithm has good performances on parameters of packet delivery ratio, loads of route, and end-to-end delay. It effectively reduces the number of the interrupted network nodes and links, and can improve obviously the stabilities and transmitting efficiency of parallel paths.
I. INTRODUCTION
Due to nodes in Ad hoc network have characteristics such as random moving mode, energy limitations, uncertain power conditions, and so on, which make the topology of Ad hoc networks change frequently, and links in the networks disconnect easily. Multi-path routing algorithms in ad hoc networks is a promising technique which being able to solve the problems of limited band-width, instability, conservation of energy, etc. Establishing multiple paths between the source node and target node will bring some advantages to improve the reliability, expansibility, balance of load and reduce transfer delays, and so on, Which contributes highly in the improvement of the network performances. Therefore, researching on the multi-path routing algorithm becomes a hot point in recent years [1, 2, 3, 4] .
From the aspect of concurrency of link usage, the proposed multi-path routing protocols at present can be divided into two types: the backup path protocols [5, 6] and parallel path protocols [7, 8] . The former means there is only one path for flow transferring at the same time among the multiple paths between source and destination, and another different path can be used only when the former path is broken; the latter means between the source and destination paths that can be used two or more paths for the flow transfer at the same time. Though the backup multi-path protocols have no problem of signal interference so as to obtain a higher transmission quality, it doesn't take advantages of multi-path routing. Therefore, parallel path protocols have greater advantages in the efficient usage bandwidth and improving quality of transmission.
The nodes in the wireless network have variable moving speed and mode, and at the same time, have also energy limitations, and when the common nodes or links included in the parallel paths are invalidated, the transmission between the source node and destination node will be broken. So it requires the concurrent multipath protocols to ensure the independence of the paths, and reduce the intersection of nodes or links among the parallel paths i.e. if a link of one of the paths undergone a failure, this failure will not affect the other paths, by which to improve stability of paths.
In recent years, many researchers have studied on the disjoint multi-path routing algorithms and the energy problem of nodes in ad hoc networks [9, 10, 11, 12, 13, 14] , and proposed many improved methods. Most of them are on-demand protocols and based on Ad hoc On Demand Distance Vector (AODV) [15] or Dynamic Source Routing (DSR) [16] , in which it is only when a node needs to communicate with others, it initiates the routing process. Such as literature [17] propose a routing algorithm using a connection -oriented path-pool called PPRP (Path-Pool Routing Protocol). This algorithm uses routing request, routing response and the validation process of routing between the source node and the destination node to achieve route discovery, and uses confirmation stream of the data for route maintenance and tracking dynamic changes in network topology. Literature [18] has some improvements to literature [17] , increasing energy -aware process of nodes, by considering residual energy of paths in the routing process to improve the usefulness of paths.
A disjointed multi-path routing algorithm called DMP_EOLSR is proposed in the paper, which is based on the Optimized Link State Routing (OLSR) [19] and evaluation of energy of nodes and links. Different from the on-demand protocols above, which discover route by means of source node sending the Route Request (RREQ) flooding messages to whole network and the destination node sending Respond message along the original path back, DMP_EOLSR algorithm is a hybrid routing algorithm similar to the proactive routing algorithm, but it does not require every node of the network to maintain a routing table of all other nodes and periodically update the routing table, and it merely exchanges information before routing. It adopts link state, assessment factors of node energy and iterative factors to find multiple parallel and disjoint paths, and the details of the algorithm are introduced as follows.
II. DESCRIPTIONS OF THE ALGORITHM
DMP_EOLSR includes steps such as discovering neighbors, apperceiving links, constructing link state information, diffusing information and calculating route, which can be described as follows: nodes periodically construct LSP (Link State Packet) which includes the living time of neighbors and corresponding links connected according to the energy of nodes, and then spread it to other nodes in the network by flooding. When other nodes receive the LSP, they will save it to the local NLS (Network Link Set) firstly, and then construct the network topology and calculate the iteration factor when they want to find paths to transmit information, by which they can get multiple paths by using DMP_EOLSR. The paths information will be stored in the packet header by the source node of the path and there is no need for the intermediate nodes to calculate hop-by-hop routing during the process of data transmitting. So DMP_EOLSR not only inherits the advantages of the link state algorithm such as having smaller network latency and stability, but also reduces the numbers of link state packets which flood in the network and calculating costs of intermediate routing nodes. The main data models used in the DMP_EOLSR are introduced as follows.
A. Topologies message based on energy and moving mode of node
There are mainly two types of information as HELLO message and topology control (TC) message will be transmitted in the network. The former includes information such as length of packet, sequence number, effective time, sender, transferring period and other basic fields and is only transferred between two adjacent nodes, and the latter contains the information about the sender and the neighbors of the sender and will be broadcasted to the entire network.
To avoid broking of the transmitting path trace brought by the energy exhausted of nodes, the DMP_EOLSR adds two information fields as living times of node and link which are based on energy factor of them into the HELLO message and TC message.
Abstracting Ad hoc network as a directed graph model G = (V, E), where V is the finite set of mobile nodes, E is the finite set of wireless link edge, i,j ∈V is the unique address identification for each node in the mobile network, the living time of nodes TN i and the living time links TL ij based on energy and the moving mode of node are calculated as follows:
a. The living time of the node i based on energy of node [20, 21] For the stability and availability of node is dependent on two aspects of energy consumptions such as the transmitting of data and power loss. So the living time of node will take the minimum of the two factors, as the formula (1), formula (2) and formula (3) have shown.
In formula (1), T sendingconsum is the time of node i being able to sending data. The e ij is the energy of node i sending data to any adjacent node j which is in the transmission radius R i , and the E i is remained energy of node i, and the f ij is the data flow sending from node i to node j.
In the formula (2), T powerloss is time of node i having power, and E init is the production energy of mobile node i, and e i (t) is the current power of node i at the time of t. 
In the formula (3), the living time of node i is the minimum of the two values above.
b. The living time of the link between node i and node j For the living time of links between any two nodes should be up to two factors: one is the moving mode of the two nodes which including moving speeds and directions; the other is the valid radio-frequency signal intensity of sending node, which can be alternated by the living time of sending node, so the DMP_EOLSR algorithm take the minimum of the two factors as the living time of link, see the formula (4) and formula (5). 
B. Consturcting of network topologies
The set of neighbors of one node contain the information of its one-hop and two-hop neighbors such as name, address, which will be refreshed periodically by the HELLO message.
The set of links of one node contain status information of all links to or from the node such as node address, survival period, and communication mode of the link (unidirectional or bidirectional). And it is built by periodically exchanging HELLO message among adjacent nodes, in which the unidirectional mode means that the communication between one node and its adjacent node is not symmetric, that is, it can receive HELLO message from its adjacent nodes but not ensure that its adjacent nodes can receive HELLO message from itself; while the bidirectional mode means that two adjacent nodes can exchange message from each other.
The set of topologies of one node contain the TC messages that are sent by nonadjacent nodes. Each field in the topology table contains the information of a received TC message such as sequence number, receiving time, sender, the one-hop neighbors, and so on.
By the data sets above, we can construct the whole topology of network. For both of the neighbors set and links set are constructed by HELLO messages, to reduce the number of the flooding link state packets (LSP), a flooding method named LSP which based on SR (Selective Relay) has been presented there, in which only parts of the neighbors of a node with some conditions as follows are chosen as the SR (Selective Relay) to retransmit the LSP:
1) It should be the one-hop symmetric neighbor of the node, which means the link between them is bidirectional and they can exchange message;
2) the set of forward one-hop neighbors of SR should cover all of the symmetric two-hop neighbors of node i, so each node in the network will either has its own SR set or be the SR of other nodes at the same time.
The method above can be implemented by maintaining a table of SR set and a table of selected SR set in each node, the former records the neighbors that will transmit the LSP of the node, and the latter records the adjacent nodes whose LSP will be transmit by the node. Taking the black node in the center of figure 1 for example, it selects the gray nodes in the second level as its SRs, so the gray nodes will retransmit the black node's LSP in the center to all the third level or higher level nodes, while the white nodes in the second level don't do that. By this way, it can reduce the transmitting number of the LSP in the same area effectively, and reduce the costs of the network routing consequently.
Additional, routing table is the core data structure of each node. When there is a routing request, multiple disjoint paths from one node to a given destination node can be calculated by the multi-path routing algorithm proposed in the paper, and the paths information, routing validity time, time tag and other information will be stored into both of the routing table and packet header by source routing way. When the intermediate nodes receive the packet, they only need to check the header's source routing information and then transmit the packet again. Besides of taking the living time of nodes and links into account in the paths selecting to ensure that the paths selected have longer living time so as to reduce update times of routing and avoid the failure of whole path for the energy exhausting of some certain links or nodes, DMP_EOLSR also uses some methods to reduce the intersection of parallel paths to improve data transmission efficiency. On the base of living time of links and nodes, some iterative factors are brought to an improved Dijkstra' algorithm to find some disjointed multiple paths, and the details of the routing algorithm are introduced as follows.
A Routing based on impproved Dijkstra algorithm and reliability requirements
In the process of route calculating of DMP_EOLSR, a modified Dijkstra algorithm [20] named Dijkstra' has been proposed in the paper, which finds paths using not the length of path but the living time of nodes and links. And at the same time, to improve the stability of path, it also makes the path meet the end-to-end reliability requirement.
The energy graph G'= (V, E) which adds TN i and TL ij into directed graph G has been constructed and stored in each node by exchanging periodically of HELLO message and TC message above. Assuming that s is the source node and d is the destination node, and reliability of each link included in the path P i from s to d is RL ij (<i,j>∈Pi and 0≦RL ij ≦1), which is defined as formula (6) . And the end-to-end reliability of path P i is RP i (0≦ RP i ≦1), which is up to the minimum of RP ij (<i,j>∈Pi) in the whole path. RP i is defined as formula (7). 
In the formula (6) above, TL ij is theliving time of link <i, j>, and Δt is the average time cost of data transmission from source node to node i along the path
To ensure the stability and reliability of paths selected, the lowest end-to-end reliability RP low (0≦RP low ≦1) can be given in the initialization of routing and make each path P i meet the condition as RP i ≥RP low .
On the basis of assuming conditions above, the Dijkstra' algorithm can be described by the following counterfeit codes:
Dijkstra can be seen from the formula (3) and (5).
The main ideas of the algorithm are described as follows:
Firstly, the network topology graph and three types of set as X, Y, and Z are initialized. The set of X include all of the extended nodes, and contain only source node s initially, and a new node will be added into it in each step until all of the nodes in the graph have been in it; the set of Y include unexpanded nodes initially, and a node will be moved out of it in each step until it has become empty; the set of Z include all the most stable links selected from s to d, and it is empty initially and add a new link in each step.
Secondly, after the initialization above, the following three steps will be executed repeatedly until all the nodes of graph G' are included into the set of X: 1) Selecting the link having the maximum living time from all the output links which start from the node v, which will be the source node s at the beginning;
2) If there are several links which have the same maximum living time of link, then comparing the living time of neighbor in each link, and selecting the link with neighbor having the maximum living time;
3) If there are several links with the same maximum living time of link and corresponding node living time of its neighbor, selecting any of them.
When a link has been selected into the set of Z in the step 2) and 3) each time, the corresponding node will be added to the set of X, and by this means, the sets of X and Z will be expanded, and then the most stable path from s to d will be included in set of Z. At the same time, only when the path selected meets the reliability requirement of routing, that means RP i of path i must larger than RP low , the set of Z which includes all of links of path P i can be output finally.
B Disjointed multi-path routing algorithms
DMP_EOLSR finds multiple paths by using iteratively the Dijkstra' algorithm above many times. During the iterating process, the weights of links and nodes which included in the paths are adjusted by the iterative factors. It results in several different paths with descending stability. The algorithm is described as following counterfeit codes:
Disjointed multi-path algorithm { for ( i=1; i<=m; i++) PathSinkTree i = Dijkstra'(G', s); P i =GetPath(PathSinkTree i , s, d); E=GetEdge(P i ); V=GetVertex(P i );
for ∀ <i, j>∈ E do TL ij = (1-weight link ) TL ij ; end for for ∀ i∈ V do TN i = (1-weight node ) TN i ; end for end for return (P 1 ,P 2 ,P 3 ,…,P m ) } In the algorithm above, PathSinkTree i is a sink tree gotten by Dijkstra' algorithm, in which the node i is the root and each branch is a path from node i to other node; GetPath() is a function to get a single branch from the sink tree, which is actually a path; GetEdge() is a function to get a set of edges included in the path P i ; GetVertex() is a function to get a set of vertex included in the whole path P i .
If a stable path P i from s to d has been gotten in the i'th iteration process by Dijkstra' algorithm, then it will reduce the living time of links and nodes which are included in the path P i in the next i+1'th iteration process, by which to reduce the possibility of reuse of those links and nodes in the P i+1 , and make the stable path P i+1 be different from P i . The iteration factor weight link and weight node in the algorithm above are the factors for adjusting weights of link and node. Both of their value are ranged in [0, 1] and can be expressed as formula (8) and formula (9 (8) In formula (7), the TL max , TL min and TL aver refer to the maximum, minimum and average living time of links in the whole path respectively. In formula (9), TN i is the living time of node i and the TN thrd is the threshold value of living time for any node in the path, which is up to the average end-to-end delay of data transmission along path P i .
In addition, the calculating methods of the values of weight link and weight node could be adjusted according to the different inclines for disjoint of the links or disjoint of nodes during the process of path selecting. For example, if increasing weight link , the algorithm tends to find linkdisjoint paths, while increasing weight node , the algorithm tends to find node-disjoint paths.
C Route recovering
DMP_EOLSR uses source-routing method to delivery data, which means multiple paths obtained will be stored in header of packets at the beginning of data transmitting, and the intermediate nodes of the path needn't calculate the path again, which will not only improve the efficiency of data transmission, but also take the advantages of parallel multi-path algorithm.
However, for there are some delays in the transmitting of TC messages, and dynamic changes will take place in network at any time, the link state information used by the nodes to calculate multiple paths are not usually consistent with the current actual network condition When there is a link or node failure in the network at any time, it will make the obtained paths unavailable in transmitting process, so the route recovering must be realized in the algorithm.
Route recovering of the algorithm is achieved by recalculating route nearby the failure paths or nodes, and the specific process as follows:
When each node receives a data packet and get the transmitting path information from the header of packet, it will check whether the next-hop node and the corresponding link in the path are included in the current link set and neighbor set of it, if the next-hop node is its neighbor and the corresponding link is valid, then forwards data along the link, otherwise, it means that the next-hop node or corresponding link is not available, so the node will take itself as the source node and recalculate the path to the destination node, and then forward data packets through the new path.
For the information stored in neighbor set and link set of the node are gotten real-time by the HELLO message in the local network, so it can reflects the up-to-date local link situation better than the source node which got the information of network situations by TC messages. By adding the route recovering, the routing algorithm proposed improves the reliability and success rate of packet transmission more effectively.
IV. SIMULATION RESULTS AND ANALYSIS
To verify the validity of DMP_EOLSR, two types of simulating experiments have been done. The first type of experiments uses the Network Simulator version2 (NS2) [22] to simulate a network with scope of 1000 m×1000 m and 100 hosts in it (simulation parameters see table 1), in which three kinds of algorithm performances such as the ratio of packet delivery, the loads of route and end-to-end delay between the DMP_EOLSR and the OLSR are compared. The results of the simulation experiments are shown in figure 2, figure 3, and figure 4 separately. The performance parameters 'Ratio of packet delivery' is the ratio of the number of data packets received successfully by destination node and the number of packets sent by source node. The higher packet delivery rate is, the less lost packets in the delivering process are and the better performance of the network is. figure 2 shows that when node speed smaller, which means the network is stabile, the packet delivery ratio of DMP_EOLSR and OLSR are both high, and with the increasing of node moving speed, the DMP_EOLSR is about 10%-20% higher than the OLSR in ratio of packet delivery. It is because that OLSR doesn't consider the energy consumption of node and has spent more time in routing. Thus, the packet delivery rate of it decreases significantly.
The performance parameter 'Loads of route' is the number of delivery control packets which reflecting the condition of networks and sent by all nodes and the number of total sent packets. This parameter indicates the stability of path in dynamic environment, the smaller the route loads are, and the more stable the path is. It can be observed from the figure 3, routing overhead of DMP_EOLSR are much less than those of the OLSR. When node does not move, the DMP_EOLSR has selfrecover process nearby the failure nodes and links, which can reduce the transmission of controlling packet, and the LSP from the all of nodes in the network are reduced by adopting the SR method during flooding. At the same time, the DMP_EOLSR use the multi-path routing algorithm based on iterative factors to avoid the failure route by decreasing the intersecting rate of paths on unusable nodes or links, and reduce the number of packets in the network rapidly, which is very helpful to reduce the routing load of the nodes. So the loads of DMP_EOLSR are lower than the OLSR obviously.
The performance parameters 'End-to-end delay' is an average difference between the packets received time of destination node and the packets sent time of source node. The smaller delay is, the faster response is, and the better performance of the network is.
From the figure 4 we can see that when the node's moving speed is small, the average end-to-end delay of OLSR is less than DMP_EOLSR, but the delay of OLSR will increase faster than DMP_EOLSR with node moving speed increasing. Because DMP_EOLSR chooses the path with more stable nodes and links which will reduce certain data packet transmission delay, and at the same From the table 1 we can see that with the increasing of the number of the parallel paths selected, the average length of path, the number of intersection nodes and links will increase accordingly. It shows that the paths obtained cannot avoid completely to be intersected on some nodes and links, but the number of intersected nodes and links don't become very large with the increasing of number of paths found.
On the other hand, the number of route recovering is becoming smaller, which shows the algorithm can avoid to choose the links and nodes that are going to be invalid by considering of the living time of nodes and links. Thereby, it can decrease the number of path calculating and increase the stability of path chosen. In the meantime, according to the cask theory that the capacity of a case is decided by the length of the shortest board, the living time of a complete path from source to destination should be the shortest living time of the link included in the path. The results of simulation experiment shows that though the average path living time from a source node to a destination node will decrease with the increasing of the number of paths obtained, the transmitting advantages of the paths will be more obvious if these paths can be used in parallel.
V. SUMMARY
A parallel disjointed multi-path routing algorithm is proposed in the paper, which is based on the improved link state algorithm (OLSR) and enhances the stability of the paths selected by considering the moving mode and energy consumption of nodes, by which to bring the living time of nodes and links and reliability of path into the routing process. And the source-routing method is also used to reduce the calculating costs of intermediate nodes of the paths. On the basis of it, the disjointed multipath algorithm is given by adjusting the weights of nodes and links. The simulation experiments of testing some performance parameters of algorithm proposed have been done, and the results shown that the algorithm can improve the stability of the chosen paths effectively and enhance the parallel transmission capacity of the paths. Analyzing the qualities and other performances of chosen paths of the algorithm will be the further works. Currently, he is a Professor at School of Software Engineering, South China University of Technology. His research interests include database system, data mining, parallel and distributed computing, high-performance computer systems, information processing.
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